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Bulk polycrystalline samples of Eu2O3-doped MgB2 have been synthesized by a standard solid state reac-
tion route and their structural and superconducting properties have been investigated. As a function of
Eu2O3 content we have found a signiﬁcant increase in the critical current density (Jc) and the irreversibil-
ity ﬁeld (Hirr) in the magnetic ﬁeld range 0–6 T. The XRD results reveal the presence of MgO and EuB6
secondary phases along with the main hexagonal phase of MgB2. The strain values and the lattice distor-
tions have been found to increase almost linearly with the nominal Eu2O3 content. The observed signif-
icant improvement in Jc(H) and Hirr in the Eu2O3-doped MgB2 samples, thus is mainly attributed to the
lattice distortions introduced by Eu2O3 doping.
1. Introduction
The discovery of superconductivity in MgB2 with a critical tem-
perature, Tc around 39 K has generated great interest due to its
possible technological applications [1]. Some of the important
characteristics of MgB2 which make it attractive are its simple
composition, the lack of weak grain boundary connections, and
the ease and low cost of production. Another important feature
of MgB2 is the presence of two superconducting gaps, which en-
ables the tuning of Hc2 by controlling different defect sublattices
relative to the orthogonal hybrid bands. Many efforts have been
made since the discovery of MgB2 to improve its Hc2, Hirr and
Jc(H) to the levels required for commercial applications. These
superconducting properties have been greatly improved through
various synthesizing methods, such as hot isostatic pressing [2],
hybrid physical–chemical vapor deposition [3] and high power
ion beam ablation [4]. In addition, various dopants have been used
to improve the superconducting performance of MgB2. The substi-
tution of C at B site by using various forms of C-containing dopants,
such as SiC [5–9], C [10–13], B4C [14,15] and some organic com-
pounds [16–18], has been very effective in improving Hc2. Metallic
elements, such as Ca, Nb, Ti and Cu as a substitute for Mg, have also
been used to improve Tc and magnetic Jc [19–21]. Introduction of
ﬁne non-superconducting particles as pinning centers is also be-
lieved to be an effective way to enhance the superconductivity
[22]. Doping of magnetic impurity generally deteriorate the super-
conducting properties [23–25]. However, some recent work on rare
earth oxides doped MgB2 have shown improvement in Jc(H) and
Hirr [26–29]. It has been reported that doped rare earth oxides give
rise to REB6 and REB4 impurities phases embedded into the MgB2
matrix which lead to improvement in ﬂux pinning.
In the present work, we have studied the effect of Eu2O3 doping
on the structural and superconducting properties of MgB2. We
have seen a signiﬁcant improvement in Jc(H) and Hirr.
2. Experimental
The polycrystalline samples of Eu2O3-doped MgB2 with nomi-
nal compositions Mg1x(Eu2O3)x/2B2 (x = 0.0, 0.01, 0.02, 0.03, 0.04
and 0.05) were synthesized by a standard solid state reaction
method. Magnesium powder (Mg, purity 99%), amorphous boron
(B, purity 99%) and Eu2O3 (purity 99%) were used as starting
materials. The appropriate amounts were mixed and ground.
The resulting powder was pelletized with a hydraulic press in
form of rectangular pellets. The pellets were sintered at
850 C in Ar–H2 (Ar:H2 = 9:1) atmosphere for 3 h followed
by furnace cooling down to room temperature. Henceforth the
samples synthesized with compositions x = 0.0, 0.01, 0.02, 0.03,
0.04 and 0.05 will be represented as MBE0, MBE1, MBE2,
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MBE3, MBE4 and MBE5, respectively. The phase identiﬁcation of
the samples was carried out using X-ray diffractometry with Cu–
Ka radiation. The microstructure of the samples was studied
using a ﬁeld emission scanning electron microscope (FESEM).
Magnetization measurements of the samples were done using a
Physical Properties Measurement System (PPMS Quantum De-
sign-6000). Magnetic Jc values were calculated from the magne-
tization loops by using Bean model.
3. Results and discussion
Fig. 1 shows the X-ray diffraction (XRD) patterns of the samples
synthesized with nominal compositions Mg1x(Eu2O3)x/2B2 (x = 0.0,
0.01, 0.02, 0.03, 0.04 and 0.05). The XRD pattern of sample MBE0
reveals the presence of the hexagonal phase of MgB2 with traces
of MgO impurities. The XRD patterns of the Eu2O3-doped samples
show, besides the main MgB2 phase, the presence of MgO and
EuB6 secondary phases. No traces of unreacted Eu2O3 or any other
oxides of Eu have been found through XRD results. It has been
found that the peak intensities of EuB6 peaks increase with in-
crease in Eu2O3 content, whereas the peak intensity of MgO re-
mains almost constant. We have estimated the strain value and
crystallite size of the samples from the Williamson–Hall plot. We
ﬁnd that the average crystallite size of the sample MBE1 has a
smaller value as compared to the sample MBE0. The crystallite size,
however, increases with further increase in concentration of Eu2O3.
The strain in the sample increases almost linearly with concentra-
tion of Eu2O3 (see Fig. 2) and [Table 1]. The linear increase in strain
values with x is suggestive of a corresponding increase in lattice
defect in the doped samples. We have synthesized the samples
with nominal compositions Mg1x(Eu2O3)x/2B2 (x = 0.0, 0.01, 0.02,
0.03, 0.04 and 0.05), i.e. we are decreasing the content of Mg with
increase in the Eu2O3 concentration. Therefore there is chance of
Mg vacancies and presence of oxygen in the lattice of doped sam-
ples. These lead to lattice defects and hence to an increase in the
strain values. Earlier Serquis et al. [30] also observed that strain
linearly increases with decrease in Mg occupancy in MgB2 samples.
From the XRD results we ﬁnd that lattice parameters a and c in-
crease when value of x increases from 0.0 to 0.01. The lattice
parameters, however, start decreasing with further increase in x
values (see Table 1). The initial increase in the lattice parameters
may be due to partial substitution of Eu at Mg site of MgB2 [28].
For x > 0.01, the decrease in the lattice parameters with increasing
Eu2O3 content (x) in the samples may be due to increased values of
strain.
Fig. 3 shows the FESEM micrographs of the Eu2O3-doped and
the pure MgB2 samples. The micrographs of samples MBE0 and
MBE1 show the presence of ﬁne grains. The grain size increases
when the Eu2O3 content in the sample exceeds x = 0.01. These re-
sults are in conformity with the XRD results. From the FESEM
micrographs it is also clear that the homogeneity of the micro-
structure is greatest for the undoped sample and it decreases with
increasing Eu2O3 content. However, the connectivity of the grains
is better in the samples with higher Eu2O3 concentration. This
shows that the secondary EuB6 phase precipitates at the bound-
aries of the MgB2 grains.
The resistance vs temperature (R–T) and magnetization vs tem-
perature (M–T) measurements (ﬁgures not shown here) show that
the Tc values of the samples decreases from 39 to 37 K, when x in-
creases from x = 0 to 0.05. The decrease in Tc may be related to the
increase in the lattice distortions (Mg vacancies). We have found
almost linear decrease in Tc with strain (S%) (see inset of Fig. 2).
A similar decrease in Tc with increase in strain in MgB2 has also
been reported by Serquis et al. [30] and Liao et al. [31]. In addition
to strain, the partial substitution of Eu at Mg site may be responsi-
ble for small reduction in Tc [28]. We have also seen a decrease in
the residual resistivity ratio (RRR = R295K/R40K) values with increase
in x (see Table 1). The decrease in RRR values with x again conﬁrms
the presence of lattice defects/distortions in the doped samples
which enhance the impurity scattering.
The magnetic Jc of all the samples at 10 and 20 K have been cal-
culated from the M–H loops using the Bean model [32]. The aver-
age grain sizes required in the Bean formula have been determined
from the FESEM micrograph (see Table 1). The M–H loops of MBE0,
Fig. 1. XRD patterns of Eu2O3-doped MgB2 synthesized with nominal compositions
Mg1x(Eu2O3)x/2B2 (x = 0.0, 0.01, 0.02, 0.03, 0.04 and 0.05).
Fig. 2. Variation of lattice strain (S%) with concentration (x). Inset shows variation
of Tc with lattice strain (S%).
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MBE1, MBE3, MBE4 and MBE5 measured at 10 and 20 K are shown
in Fig. 4. The ﬁeld dependence of Jc measured at 10 and 20 K is
shown in Fig. 5. From this ﬁgure it is clear that in the ﬁeld range
0–4 T the Jc values increases with increase in Eu2O3 content (x)
at both temperatures. At higher ﬁeld (>5.5 T) the Jc values of sam-
ple MBE3 are higher than for the other samples (see Fig. 5). It is
also seen that the Jc values of the doped samples decrease more
slowly with ﬁeld as compared to the undoped sample. This means
there is better ﬂux pinning in the doped samples. The Jc values of
the samples MBE0, MBE1, MBE3, MBE4 and MBE5 at 2 T ﬁeld and
measured at 10 and 20 K are given in Table 1. We can see that at
2 T and 10 K the Jc value increases from 1.34  103 A/cm2 to
Table 1
Values of Jc, lattice parameters, strain, RRR, AF and Hirr (T) of Eu2O3-doped MgB2.
Samples Jc (A/cm2) Lattice parameter (Å) Strain (%) RRR (R295/R40) AF Hirr (T) 10 K Grain size (lm)
10 K, 2 T 20 K, 2 T a c
MBE0 1.34  103 1.30  102 3.0767 3.5186 0.03391 3.35 0.14 2.75 0.651
MBE1 2.54  104 8.66  102 3.0981 3.5275 0.14732 3.67 0.18 5.99 0.569
MBE3 2.88  104 1.88  103 3.0780 3.5176 0.30137 3.12 0.21 4.47 0.429
MBE4 6.05  104 4.86  103 3.0574 3.5116 0.36335 2.96 0.25 4.46 0.441
MBE5 7.68  104 7.71  103 3.0583 3.5171 0.57083 2.56 0.26 5.55 0.560
Fig. 3. FESEM micrographs: (a) MBE0, (b) MBE1, (c) MBE2, (d) MBE3, (e) MBE4, and (f) MBE5.
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7.68  104 A/cm2 and at 20 K it increases from 1.30  102 A/cm2 to
7.71  103 A/cm3 when x increases from 0 to 0.05. Thus there is a
more than about 500-fold enhancement in the Jc value of sample
MBE5 at 2 T ﬁeld with respect to undoped sample. Another notice-
able point from the M–H loops is that the M–H loops of the doped
samples shift up and down from the magnetic axis as magnetic
ﬁeld increases (see Fig. 4). This means there is paramagnetic phase
present along with the superconducting phase [29]. Since neither
MgB2 nor MgO are paramagnetic, the EuB6 impurity phase (de-
tected through XRD) is suspected to be paramagnetic. Thus, the
magnetic secondary phase present in the doped samples is ex-
pected to act as stronger ﬂux pinning centers leading to enhance-
ment in Jc(H) of the doped samples [29]. In addition to this, the
defects centers in the doped samples act as ﬂux pinning centers
leading to improvement in Jc(H).
The connection factor AF was also evaluated by the resistivity
phonon term according to Rowell analysis [33]. It has been ob-
served that AF increases with increase in the concentration of
Eu2O3 in the sample. The increase in AF in Eu2O3-doped MgB2 sig-
nals a better connectivity between the grains which is consistent
with the FESEM micrographs (Fig. 3). Thus better connectivity be-
tween the grains and improvement in ﬂux pinning force are ex-
pected to be responsible for the improvement in Jc(H) of the
doped samples.
Fig. 4. M–H loops of Eu2O3-doped MgB2 measured at 10 K (a) and at 20 K (b).
Fig. 5. Field dependence of Jc of Eu2O3-doped MgB2 (a) at 10 K and (b) at 20 K.
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To conﬁrm that the improvement in Jc(H) of the Eu2O3-doped
MgB2 is due to an improved ﬂux-pinning behavior, we have calcu-
lated the ﬂux pinning force (Fp) from the M–H curves, recorded at
10 K and 20 K, by using the relation [34,35]
Fp ¼ JcðHÞ  HðTÞ ð1Þ
The variation of Fp/Fp,max with ﬁeld is shown in Fig. 6. This ﬁgure is
consistent with the Jc(H)–H plots (Fig. 5). From the ﬁgure it is clear
that the pinning force curves of the doped samples shift toward the
high ﬁeld side indicating an improvement in ﬂux pinning for the
doped samples. The better ﬂux pinning in the doped samples is pos-
sibly due to presence of defect centers and paramagnetic impurity
phase EuB6.
The values of the irreversibility ﬁeld Hirr(x) have been estimated
from the M–H loops measured at 10 and 20 K. In the present work
Hirr is taken as the ﬁeld at which Jc becomes 100 A/cm2. The val-
ues of Hirr are given in Table 1. Fig. 7a shows the variation of Hirr
with doping level x. It shows that the Hirr value ﬁrst increases from
x = 0 to x = 0.01 but it decreases with further increase in x. How-
ever, the Hirr values of doped samples are higher as compared to
the undoped samples. We have also plotted the variation of the full
width half maximum (FWHM) of the (1 0 1) peak of XRD pattern
with x (Fig. 7b). The comparison of Fig. 7a and b reveals that the
FWHM of the (1 0 1) peak and Hirr both vary in a similar manner
with doping level up to x = 0.04, i.e. when Hirr is high, the XRD peak
of the corresponding sample is broadened, and vice versa. Similar
correlation between Hirr and FWHM has been reported by Yamam-
oto et al. [36] who observed that the FWHM of the (1 0 0) peak,
which also corresponds to distortion of the honeycomb boron
sheet in MgB2, has a positive correlation with the Hirr of MgB2, that
is Hirr increases with increasing FWHM of (1 0 0) peak. In the pres-
ent case we have seen an increase in strain values in the doped
samples because of lattice distortions in the samples. The lattice
distortions lead to enhancement in the Hirr values of the doped
samples.
Fig. 6. Fp/Fp,max versus magnetic ﬁeld plots of Eu2O3-doped MgB2 (a) at 10 K and (b) at 20 K.
Fig. 7. Variation of Hirr (T) (at 10 K) and FWHM with doping concentration (x).
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4. Conclusions
In the present work we have seen signiﬁcant improvement in
Hirr and Jc(H) of Eu2O3-doped MgB2. It is thought that defects and
paramagnetic impurity phase EuB6 in the doped samples provide
better ﬂux pinning leading to improvement in Jc(H).
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